Summary. Rationale: Ivacaftor, a cystic fibrosis transmembrane conductance regulator (CFTR) potentiator, decreases sweat chloride concentration, and improves pulmonary function in 6% of cystic fibrosis (CF) patients with specific CFTR mutations. Ivacaftor increases chloride transport in many other CFTR mutations in non-human cells, if CFTR is in the epithelium. Some CF patients have CFTR in the epithelium with residual CFTR function. The effect of ivacaftor in these patients is unknown. Methods: This was a series of randomized, crossover N-of-1 trials of ivacaftor and placebo in CF patients !8 years old with potential residual CFTR function (intermediate sweat chloride concentration, pancreatic sufficient, or mild bronchiectasis on chest CT). Human nasal epithelium (HNE) was obtained via nasal brushing and cultured. Sweat chloride concentration change was the in vivo outcome. Chloride current change in HNE cultures with ivacaftor was the in vitro outcome. Results: Three subjects had decreased sweat chloride concentration (À14.8 to À40.8 mmol/L, P < 0.01). Two subjects had unchanged sweat chloride concentration. Two subjects had increased sweat chloride concentration (þ23.8 and þ27.3 mmol/L, P < 0.001); both were heterozygous for A455E and pancreatic sufficient. Only subjects with decreased sweat chloride concentration had increased chloride current in HNE cultures. Conclusions: Some CF patients with residual CFTR function have decreased sweat chloride concentration with ivacaftor. Increased chloride current in HNE cultures among subjects with decreased sweat chloride concentrations may predict clinical response to ivacaftor. Ivacaftor can increase sweat chloride concentration in certain mutations with unclear clinical effect.
INTRODUCTION
The prognosis of cystic fibrosis (CF) has significantly changed for some patients with the emergence of a new class of drugs that target the underlying cause of CF: Defective or absent CF transmembrane conductance regulator (CFTR). Ivacaftor, a CFTR potentiator, increases epithelial chloride transport through CFTR. 1, 2 Lumacaftor, a CFTR corrector, chaperones the folding and insertion of CFTR into the epithelium. 3, 4 Ivacaftor and ivacaftor combined with lumacaftor result in decreased sweat chloride concentration, improved pulmonary function, fewer pulmonary exacerbations, and improved mortality, [5] [6] [7] [8] [9] but were tested and FDAapproved for only a few CFTR mutations. Ivacaftor is approved for R117H and nine CFTR class III mutations, which encompasses 6% of CF patients in the US. [10] [11] [12] Lumacaftor is approved only for F508del homozygotes, which is 46% of CF patients in the US. 13 Almost half of CF patients do not have an indication for nor access to CFTR modulators 14 ; some might benefit and are being left behind.
Randomized controlled trials (RCTs) are the standard for clinical trials testing efficacy of new drugs in clinical trials. However, RCTs require a large homogeneous population to predict drug efficacy. There are over 2,000 CFTR mutations, many of them rare, with millions of potential combinations 13 ; therefore, it is impossible to conduct RCTs of ivacaftor for every mutation. 15 The N-of-1 study design allows for rigorous investigation into treatment effectiveness of CFTR modulators in individual subjects with any combination of CFTR mutations, including rare or de novo mutations. It is a design that helps close the gap between large populationbased evidence and clinical practice. It will likely play an important role in the development of evidence-based personalized medicine. Since each subject serves as his or her own control, the N-of-1 trial design allows for broad inclusion criteria and diverse subjects, unlike traditional RCTs that require a homogenous study population. [16] [17] [18] In N-of-1 studies, each subject is considered a separate trial as each subject receives both drug and placebo, and because of this, it is superior to a traditional case series report. [16] [17] [18] Little is known about the effect of CFTR modulators on the majority of CFTR mutations. 15 While many mutations result in no CFTR protein in the epithelium, some mutations result in production and insertion of CFTR protein in the epithelium, resulting in residual CFTR function. Residual CFTR function can manifest clinically as an intermediate sweat chloride concentration, 19, 20 pancreatic sufficiency, 20, 21 or less severe pulmonary disease. 20, [22] [23] [24] In non-human cells, ivacaftor increases CFTR channel open time and chloride transport in CFTR in many CFTR mutations, if there is CFTR protein in the epithelium. 2, 14 Ivacaftor decreases sweat chloride concentration with clinical benefits in patients with R117H and P67L, mutations that result in residual CFTR chloride transport. 10, 25, 26 There are potentially patients with residual CFTR function who would respond to ivacaftor, based on the effect of ivacaftor in these previous studies.
We hypothesized that some patients with residual CFTR function would respond to ivacaftor. Rather than target specific CFTR mutations we randomly enrolled patients with potential residual CFTR function (intermediate sweat chloride concentration, pancreatic sufficient, or mild bronchiectasis). Using the N-of-1 study design, we investigated both the in vivo and in vitro effects of ivacaftor in CF patients with potential residual CFTR function. Sweat chloride concentration and pulmonary function change were the in vivo outcome. Chloride current change in the subject's nasal epithelia (HNE) cultures was the in vitro outcome.
METHODS

Study Design
This was a series of N-of-1 studies of ivacaftor that utilized a double-blinded, randomized, crossover design. In N-of-1 studies, each subject served as his or her own control. [16] [17] [18] The institutional review board (IRB) at the University of California, San Francisco approved the study . The study was conducted in accordance with the Declaration of Helsinki. Written, ageappropriate informed consent/assent was obtained from all subjects or their legal guardians. Subjects completed the trial between January and July 2014.
Study Population
This study included clinically stable subjects age 16 
Intervention
Eligible subjects were randomized to ivacaftor 150 mg by mouth twice a day for 14 days followed by placebo for 14 days, or vice versa. Randomization was based on a computer-generated schedule produced by our research pharmacy, which was concealed from study personnel until study completion. Ivacaftor was purchased at full retail cost and encapsulated with sucrose to match the sucrose-filled placebo capsules. Prior to beginning study drug, there was a 2-week run-in period to ensure clinical stability, assessed by modified Fuchs criteria 27 and pulmonary function. There was a washout period of a minimum of 14 days between study drug cycles to account for carryover effect. The washout period was extended to 6 weeks for subjects on alternating cycles of inhaled antibiotics to coordinate the study drug cycle with the inhaled antibiotic cycle.
Interim history, vital signs, physical exam, and laboratory tests (sweat chloride test, spirometry, complete blood count, liver function tests, and pregnancy test in all female subjects) were completed at each study visit. Adherence was estimated by pill count and subject report.
In Vivo Outcomes
The primary outcome measure was the absolute change in sweat chloride concentration from baseline. Sweat chloride concentration was measured by an approved standardized method. 28 The secondary outcome measure was the change in forced expiratory volume in one second (FEV 1 ) percent predicted. Spirometry was performed according to American Thoracic Society standards at the beginning and end of each intervention period. 29 FEV 1 percent predicted was calculated using Eigen-Wang-NHANES III equations. 30 
In Vitro Outcomes
Nasal brushing of the nasal turbinates was performed to obtain human nasal epithelium (HNE) from each subject. HNE cells were isolated and cultured for 21-28 days on 12 mm Snapwell cell culture inserts (Corning Inc., Corning, NY) to insure full differentiation. HNE cultures were mounted to water-jacketed EasyMount Ussing chambers (Physiologic Instruments, San Diego, CA). Transepithelial chloride current was measured using a 4-electrode voltage clamp after acute exposure to ivacaftor (1 mM; apical). Ivacaftor was tested in presence of amiloride (100 mM; apical) to block sodium absorption and forskolin (20 mM; serosal) to activate cAMPdependent CFTR chloride transport. Patient-specific CFTR chloride currents were quantified with 50 mM CFTRinh172 (CF Foundation Therapeutics, Inc., Bethesda, MD). Ivacaftor was purchased from Selleckchem.com. Protocol details are in the e-Appendix 1.
Statistical Analysis
Paired Student's t-test and fixed effects linear regression models were used to compare continuous variables. In vitro transepithelial current change was analyzed with paired t-test using SigmaPlot, Systat (San Jose, CA). Statistical analysis was performed using STATA 12.1 (College Station, TX). A P-value of 0.05 was the cutoff for statistical significance.
RESULTS
A total of ten subjects were enrolled and seven subjects completed the study between January and July 2014 (Fig. 1) . Mean adherence was 98.2% on ivacaftor and 99.6% on placebo. Adverse events included one episode each of epistaxis, injected conjunctiva, and ileus. Three subjects dropped out due to respiratory illness. Baseline subject characteristics are shown in Table 1 .
Three subjects had decreased sweat chloride concentration with ivacaftor; response ranged from À14.8 mmol/L to À40.8 mmol/L (Fig. 2) . The HNE cultures of all three subjects had a significant increase in chloride current with acute ivacaftor exposure. Of these three subjects, two of the subjects had pancreatic sufficiency as a sign of potential residual CFTR function; the other subject had mild bronchiectasis on chest CT.
Sweat chloride concentration increased with ivacaftor in two subjects; response ranged from þ23.8 to þ27.3. One subject's HNE culture did not have a significant change in chloride current with acute ivacaftor exposure. The other subject did not have viable HNE cultures despite multiple nasal brushings attempts. Both subjects had pancreatic sufficiency as a sign of potential residual CFTR function.
Two subjects did not have a significant change in sweat chloride concentration with ivacaftor. One subject's HNE culture did not have significant chloride change with ivacaftor. The other subject withdrew consent to nasal brushing due to concern for discomfort. One subject was pancreatic sufficient and the other had intermediate sweat chloride concentration as a sign of potential residual CFTR function.
All subjects with decreased sweat chloride concentrations also had significant increases in chloride current with acute ivacaftor exposure. The subjects that either had no change or increased sweat chloride concentration on sweat testing had no significant change in chloride current in the HNE cultures.
None of the subjects had a change in pulmonary function during a 6-week study period regardless of the sweat chloride concentration change with ivacaftor treatment.
DISCUSSION
This series of randomized, double-blinded, placebocontrolled N-of-1 trials investigated the in vivo and in vitro effects of ivacaftor, a CFTR potentiator, in CF patients with potential residual CFTR function, rather than targeting specific CFTR mutations as in traditional randomized control trials. Three subjects had a decrease in sweat chloride concentration with ivacaftor treatment while, unexpectedly, two subjects had increase in sweat chloride concentration. The HNE cultures with significant increases in chloride current were observed from the three subjects with decreases in sweat chloride concentrations. This study expands upon in vitro studies showing that ivacaftor potentiates CFTR protein in the epithelium from some residual function CFTR mutations.
1,2,14
The sweat chloride concentration decreases observed in our subjects are similar or greater than observed in previous CFTR modulator studies. Subject 1 had a decrease in sweat chloride concentration of À40 mmol/L, which is similar to the decrease in sweat chloride concentration observed in ivacaftor trials in class III CFTR mutations.
5,6,8,11 Subject 1's baseline sweat chloride concentration was 134 mmol/L, as is seen in some CF patients 24 , and it is not known if even with a 40 mmol/L decrease whether ivacaftor would confer a long-term clinical benefit. The sweat chloride concentration decrease in Subjects 2 and 3 (À19.3 and À14.8 mmol/L) was slightly less than the mean decrease observed in trials of ivacaftor in R117H mutations. 10, 12 All three subjects had a sweat chloride concentration decrease that was greater than that observed in trials of lumacaftor-ivacaftor in patients with F508del/ F508del. 31, 32 The subjects with decreased sweat chloride concentrations and increased chloride current in HNE cultures carry particular CFTR genotypes that may explain the response to ivacaftor. Subject 1's CFTR mutations are F508del and 1154InsTC, which are both severe mutations that classically do not produce mature CFTR protein.
F508del is a missense mutation that leads to misfolded protein, impaired trafficking, and dysfunctional channel gating. 33 However, about 10-15% of F508del homozygotes have some mature CFTR protein with residual CFTR function and ivacaftor potentiates CFTR protein from F508del when in the epithelium, 2,34 although this has not yet been investigated clinically in humans. Subject 1's observed response to ivacaftor may be due to a similar phenomenon. The 1154InsTC mutation shifts the reading frame to introduce a termination codon at amino acid residue 369 and is classified as a class 1 mutation. 35 The truncated protein is thought to not be functional. Our functional data showed a significant stimulatory effect by VX-770 that was larger than in cultures homozygous for F508del CFTR (data not shown) suggesting that there may have been read-through of the 1154InsTC mutation. However, to our knowledge, there are no reports that N-of-1 Trials of Ivacaftorquantified the amount of read-through of this mutation. Subject 2's CFTR mutations are G542X, a nonsense mutation with no CFTR protein produced, 36 and mutation 3849 þ 10kbC-> T, with a partially active splice site that results in both normally and aberrantly spliced CFTR RNA. 37 Ivacaftor increases chloride current and channel open probability of normal CFTR protein in Fischer Rat Thyroid cells. 1 The decreased sweat chloride concentration in Subject 2 is likely due to ivacaftor potentiating the fraction of normal CFTR protein produced from 3849 þ 10kbC-> T. Subject 3 has CFTR mutations F508del and Y563N, a rare missense mutation that Fig. 2 . Sweat chloride concentration and nasal epithelium chloride current change with ivacaftor. This figure compares subjects' sweat chloride concentration changes and chloride current changes in cultured nasal cells with ivacaftor. Subjects are listed in order of sweat chloride concentration change (mmol/L) with ivacaftor from greatest decrease to greatest increase. The CFTR mutations for each subject are shown. Baseline cAMP-dependent CFTR chloride current (mA/cm 2 ) with forskolin (20 mM) was measured for individual subjects in the cultured nasal cells (white column). The CFTR chloride current change with acute exposure to ivacaftor (1 mM) and forskolin was measured (red column). The black column shows the CFTR chloride current inhibition with CFTRinh172 (50 mM). The Ussing chamber tracings of CFTR chloride current with forskolin (F), ivacaftor (VX-770), and CFTRinh172 (I) are shown for each subject.
disrupts CFTR folding, but does produce some membrane expression of mutant CFTR protein. 38 Subject 3's response may involve ivacaftor potentiating CFTR protein from Y563N or from F508del, as described above with Subject 1.
Unexpectedly, two subjects had a significant increase in sweat chloride concentration with ivacaftor. There was no change in pulmonary function with ivacaftor treatment in either of these subjects. Both subjects were heterozygous for mutation A455E. Subject 7's chloride current in the cultured cells increased with ivacaftor stimulation, although it was less than 5% of normal CFTR chloride transport and did not reach statistical significance (P ¼ 0.06). Acute ivacaftor exposure was shown to increase A455E-CFTR chloride current when recombinantly expressed in Fischer Rat Thyroid cells.
14 The chloride current increase we observed in the subject's cultured cells was likely the effect of ivacaftor stimulating A455E CFTR protein, however, the response was less robust than what was observed in Fischer Rat Thyroid cells. A455E is a class V CFTR mutation that produces CFTR protein with normal function, but turns over rapidly in the cell membrane, 39 resulting in only 11.5% of normal CFTR activity. 2, 38 In vitro studies show that ivacaftor destabilizes CFTR protein from CFTR mutation F508del, resulting in decreased amount of mature CFTR protein in the epithelium. 40, 41 Since A455E CFTR protein is unstable at baseline, ivacaftor may further destabilize the protein, resulting in decreased mature CFTR in the cell membrane, as it does in F508del. This destabilization effect on CFTR may explain the subjects' increased sweat chloride concentration and less than robust chloride current increase in cultured cells. Further studies of ivacaftor in patients with an A445E mutation are needed to know if this potentially adverse effect of ivacaftor is consistently associated with this genotype and how it compares to the in vivo response.
There were no pulmonary function changes in any subject regardless of sweat chloride concentration change with ivacaftor. This was not unexpected given the short course of ivacaftor. With a longer course of ivacaftor the subjects may have pulmonary function improvement or stabilization over time as seen in G551D patients. 9 After the completion of the clinical trial, the three subjects who responded with decreased sweat chloride concentrations were prescribed ivacaftor by their primary pulmonologists. All three subjects have reported clinical improvement with ivacaftor over the last 2 years. Prior to starting ivacaftor, Subject 1 had yearly pulmonary exacerbations requiring IV antibiotics. In the 2 years on ivacaftor, Subject 1 has not required IV antibiotics, no longer produces mucus, and has less frequent cough. Prior to starting ivacaftor, Subject 2 had yearly pulmonary exacerbations and Subject 3 had pulmonary exacerbations about every 3 months. Both Subject 2 and Subject 3 have not had a pulmonary exacerbation, have decreased cough, and no decline in lung function since starting ivacaftor 2 years ago. Additionally, Subject 2 was unable to gain weight prior to starting ivacaftor but his BMI is now increased from 21.6 to 23.
Sweat chloride concentration is a functional measure of CFTR activity in the sweat gland epithelia, however, in a non-linear relationship. 19 Sweat chloride changes occur within days of ivacaftor, as seen in G551D patients, 5, 6 so that by the end of 2 weeks a steady state response has been achieved. Decreased sweat chloride concentration at 2 weeks is predictive of long-term improvements in pulmonary function and weight gain in patients with gating mutations. 42 However, other studies of ivacaftor in R117H mutation also failed to show an improvement in pulmonary function with long courses of ivacaftor despite improvements in sweat chloride concentration. 12 Further research is needed to investigate the correlation between change in sweat chloride concentration and long-term clinical improvements. Assuming the relationship holds, careful N-of-1 studies of ivacaftor and other CFTR modulators are within the capability of all CF clinicians with access to reliable sweat chloride concentration testing. N-of-1 studies using sweat chloride concentration and other biomarkers will likely play an important role in the development of evidence-based personalized medicine in CF, as RCTs are impossible to conduct in subjects with rare or de novo mutations.
Based on our limited experience, cultured nasal cells from CF patients may serve as a screening platform to detect acute response to CFTR modulators and identify candidates for a clinical trial of CFTR modulators. However, this approach may not capture effects due to long-term drug exposure, including destabilization of mature CFTR protein, so that the in vitro and in vivo responses may not always be concordant. We were unable to obtain HNE cultures in two subjects and thus had incomplete in vitro data. Besides using HNE cultures, future N-of-1 studies of CFTR modulators may also consider using individual subjects' rectal organoid cultures 43, 44 or patient-specific induced pluripotent stem cells [45] [46] [47] to predict CFTR modulator clinical efficacy in individual subjects. Due to the high cost of ivacaftor, only a small number of subjects were enrolled in our study. Despite small numbers, our findings may have important clinical implications. Replication of our findings and longer follow-up are important to clarify the clinical effects of ivacaftor in patients with residual CFTR function.
CONCLUSIONS
In conclusion, some CF patients with residual CFTR function and CFTR mutations not currently covered by FDA approval have increased chloride current in HNE cultures and decreased sweat chloride concentration in response to ivacaftor treatment. Acute stimulatory effects of ivacaftor on chloride currents in HNE cultures may predict clinical response to ivacaftor. Inversely, ivacaftor can increase sweat chloride concentration with unknown clinical effect. N-of-1 studies can be used to investigate the effect of CFTR modulators in CF patients with varying phenotypes and genotypes.
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